The stability of two entangled spins dressed by electrons is studied by calculating the scattering phase shifts. The interaction between electrons is interpreted by full relativistic QED and the screening effect is also considered phenomecally in terms of the Debye exponential form e −αr . The results show that if the EPR-type states are kept stable under the interaction of QED, the spacial wave function must be parity-dependent. The spin singlet state s = 0 and the polarized state 1 √ 2 (| +− − | −+ ) along the z-axis turn out to be two different kinds of entanglement. Furthermore, the interacting force between the constituent electrons of the spin-singlet pair is proved to be attractive, which might play an essential role in the future machanism of extracting the entangled spins from superconductor and in the development of high Tc superconductor as well.
The quantum mechanics(QM) is undoubtedly an outstandingly successful theory for its widespread achievements in diverse physics areas in the past century. Meanwhile, the discussions on fundamental topics of QM have not been intermitted ever since its birth. These topics result in the fact that, the entanglement, a well known concept originated from the objection (EPR paradox) to QM [1] and the responses to it [2] , still possesses its latent application to many quantum information processing protocols, such as quantum teleportation [3] , quantum communication and quantum computation [4] up to date. The access to these quantum technologies severely depends on both the properties of the entangled states and our ability of producing as well as understanding them.
The first event of obtaining the strongly correlated quantum states came from photons in 1950 [5] . And subsequently Bohm firstly expressed the EPR state with the entangled spins [6] . Following these approaches Bell put forward his famous inequality [7] in 1964 which was firmly demonstrated years later in experiments involving only massless photons [8] . Whereas the wave property of photons, as is well known, prevents their entanglement as a pure quantum quantity without any possible classical correlation. In this respect, the localized spins, dressed by relatively isolated electrons in solid-state host materials, might be the promising candidate for the carrier of EPR states required in realizing above quantum technologies [9] . However, to our knowledge, there hitherto have not been any experimental justification of EPR-type entangled electrons (or other massive fermions) and of course one can say nothing of either testing its violation of Bell's inequalities or other applications.
Under such a circumstance, various mechanisms for generating the entanglement of electron spins were proposed. Roughly the proposals can be classified into two types, one type concerns the concrete systems in solid state [10] , such as generating entangled electron spins via quantum dots or via a magnetic impurity, extracting Cooper pair out of a superconductor etc.. The other type uses some special properties by combining the entanglement with other theory or concepts, such as the concept of identity [11, 12] or the special relativity [13] [14] [15] [16] , or the interaction between the constituent parts of the entangled pair [17, 18] . Among the latter, of special interest is the case of space-spin entanglement transfer [12] [13] [14] [15] . The study on the transfer manifest twofold potential application in the quantum information processing. The transfer has its merit to provide some proposals to produce entangled pairs on one hand, but as a carrier of the information, the entangled spins are required to be stable enough while used to store and transport information on the other hand. In this notion we concentrate on what the condition should be satisfied by the spacial wave function if the spin-singlet pair is kept stable under the interaction between electrons in solid.
As for the entanglement being affected by special relativity, the previous works have attained the following results: for a single particle under a Lorentz boost, due to the Wigner rotation, its spin and momentum are usually entangled, and the degree of entanglement may change with different frames [13] . For the pure momentum state (plane wave) of two entangled particles, the entanglement is manifested only by their spin entanglement, and under the Lorentz transformation including only the boost part other than the rotation part, although each spin of the constituent particles undergoes a unitary rotations, the spin entanglement of biparticle state is stable [14] . However, from a general viewpoint (not only plane wave), for the superposition of the momentum states of two entanglement particles, the entanglement between spins or momenta alone may change but the entanglement of entire wave function(spin and momentum) is invariant in different frames [15] . It was shown that the spin-singlet pair under the interaction interpreted by QED does not violate the above results either [18] .
The results, a little beyond imagination from the first sight, appeared in the Ref. [12] , in which the authors demonstrated that the useful quantum information processing can be accomplished by quantum statistics alone without any explicit controlled operation being required at any stage. And in the context, it also proved that the entanglement transfer from spin to path can be achieved by only considering the indistinguishability between the entanglement particles. Along the approaches the schemes on refining the entanglement were proposed.
In this paper we confine our investigation to the the stability of the EPR state
(|↑↓ − |↓↑ ) by calculating the scattering phase shifts. The interaction of entangled electrons is interpreted by full relativistic QED [19] . The method of phase shift has been widely used in many areas such as particle physics or nuclear physics to study the properties of the considered interaction. But it pertains to the concrete problems if only that the considered interaction has the property of falling off more rapidly than coulomb potential 1/r [20] . On the other hand, in fact, in nature, there almost exists no pure coulomb potential. As a result, if we are to examine the interaction between electrons which are entangled together, it is of wisdom to include the screening effect. Here, motivated by the application of Debye theory [21] , we introduce a simple factor e −αr (r is the distance between the two electrons) to phenomenally illustrate this effect with which the total potential actually falls off more rapidly than coulomb. It may be realistic in solid physics--at least partially realistic--while the electrons are moving, the crystal lattice made up of ions with positive charges and spins around the electrons will be distorted and thus the screening effect surely occurs.
In order to investigate the generation and evolution of the degree of entangled electron spins, the interaction between the entangled electrons is also considered in the Ref. [18] . The authors analyzed the entanglement of two identical electrons with interaction (not covariant and not screened) interpreted by the nonrelativistic QED and showed that the entangled spin-triplet states can evolve into no-spin entangled states, whereas the spin-singlet state keeps stable in the scattering process. However, as shown in the following, our results suggest that to make the spin-singlet state stable under the electromagnetic interaction, some limitations on angular momentum must be added to the spacial wave function.
For purpose, we would like to take the spin-singlet state
(|↑↓ − |↓↑ ) of two electrons here as initial and final scattering states to calculate the phase shifts. To make comparison, two methods of directly making total spin s = 0 and polarizing the constituent spins' orientation are employed. In what follows, we denote the above two methods as Method A and Method B for convenience. The different characteristics of the phase shifts with respect to the two methods will be clear after the calculation. To avoid confusion, henceforth we use
(|↑↓ − |↓↑ ) to express general s = 0 eigen state and To evaluate the electron-electron scattering phase shift with the total spin s = 0 in the initial and final states by means of Method A, we need firstly the amplitude M f i of the scattering process, which has the form as usually used [22] 
The u(p) is the Dirac spinor defined as
The indistinguishability between the entanglement electrons is automatically satisfied by the amplitude. Since the above amplitude is covariant, it is convenient for us to choose a special reference so as to simplify the formulism but leave the final matrix elements unchanged, here let us choose the center-of-mass(CoM) reference system henceforth. Then the initial electrons' momenta satisfy p 1 = −p 2 = p, and similarly for the final states p 3 = −p 4 = q. For elastic scattering process, the momenta have the relation | p |=| q |. Substituting the Dirac spinors of the CoM into the Eq.(1) leads to the explicit forms of M 1 and M 2 [23] :
If in Eq.(1) the γ-matrix γ µ changes to γ 0 , the first part of the amplitude reduces to the one that only the interaction of point charges is included, and if furthermore the two electrons' velocities are very slow, the interaction can approximately be described by classical coulomb form 1 r [24] . In the case γ µ → γ 0 Eq.(2) and Eq.(3) correspondingly reduce to
The screening effect can be phenomenally incorporated in the propagators in Eq. (1) by introducing a factor e −αr [21] where α is a positive number as an inverse of Debye screening length and r is the distance between the two electrons. And the factor can be associated with the momentum propagator by applying the Fourier transformation
Obviously if the α → 0 the propagator will reduce to the original form. Now we can include the screened effect by using the propagator 1/(k 2 − α 2 ) instead of 1/k 2 in Eq.(1). Now the phase shifts can be calculated under Born approximation as in a previous work [25] 
where
, in which E is the total energy of the two electrons' system, k =| p |=| q | is the magnitude of relative momenta p and q, and M Jl f i (k), with total angular momentum J and orbital angular momentum l, is the transition amplitude that given by
where C JM lm 
where P l (x) is Legend polynomial with the x = cos θ, θ is the angle between p and q. Now, let us turn to evaluating the scattering phase shifts by means of Method B. The calculation of polarized amplitudes is analogous to the Ref. [22] , in which we should change the spinor u(p) in Eq. (1) to
so as to include the spin states χ λ , where λ = 1, 2 denote the two spin eigen states 1 0 and 0 1 . We Assume here that the initial electrons' momenta lie along the z-axis, and without losing the generality, make the spin directions along or opposite the z-axis. The matrix elements from all the possible combinations of polarized incident and scattered electrons have been listed in the Ref. [22] . By imposing a proper transformation with respect to the defined polar angles of spins on these matrix elements, as proved in the same Ref. [22] , any other amplitudes with arbitrarily defined polarized orientation of initial and final electrons can be obtained. On adopting the usual way of expressing the s = 0 state with the z-component of spin angular momentum as
(| +− − | −+ ), the scattering matrix element between two s = 0 states can be formally interpreted as
where the two terms of rhs are among the above mentioned list [22] . Since there is no puzzle of defining the related total angular momentum for partial waves with vanishing total spins, we postulate that the formula Eq.(9) still works in this case by only replacing the magnitudes with the polarized ones. The signs of the phase shifts are reasonably determined by the consideration that while the interaction between the electrons is purely interpreted as the classical Coulomb form following the Eq.(4), the interacting force of s-wave should be repulsive, and thus the phase shifts negative. The resultant phase shifts of s-, p-, d-, f-wave from Method A are listed in Fig.1 . The s-wave and d-wave phase shifts of Method B are both shown in Fig.2 . The p-wave and f-wave shifts of Method B accurately vanish for the reason we will discuss below. Here in this paper we have used the nature unit 197eV·1nm = 1 for convenience of calculation and flat-footed physical meaning. For instance, the only parameter α here being given the value 1 means the ∼200nm of screened region. The phase shifts will not change their signs in a wide region of α value provided that the α is lower than the electron mass. Generally, the larger α value corresponds to the relatively smaller the phase shifts, and the dependence is illustrated in both Fig. 1 and Fig.  2 .
One can easily find the difference of the two distinct sets of phase shifts between the Fig. 1 and Fig. 2 which corresponding to the above two computing methods. So far, we have to admit that the two methods are using two different types of entangled spins as the scattering initial and final states. Although the two kinds of entanglement states with respect to the two methods all satisfy the m s = 0, Method A is actually for all directions and Method B only for z direction. That might be the origin of the difference.
The remarkable common characteristic of the two figures is that their phase shifts are both parity-dependent. The Fig. 1 displays that the forces of s-wave and d-wave are both attractive and the p-wave and f-wave are both strongly repulsive. That reminds us of the definition of parity, (−1)
l , according to which the s and d wave are even and the p and f are odd. The Fig. 2 displays the similar classification that the s-wave and d-wave are all repulsive but the p-wave and f-wave are all vanishing. The understanding of the parity-dependence may follow the fact that the even parity spacial function of two electrons combined with their s = 0 antisymmetric spin wave function make up of the totally perfect antisymmetric wave function required by identical electrons. So in Fig. 1 that from Method A, the states with the p-wave and f-wave spacial functions are surely forbidden by the too strongly repulsive force. And in the Fig. 2 that from Method B, however, the forbidden states of p-wave and f-wave are directly removed by the special polarization in which the spins' direction and their relation to the momenta(spacial wave function) are defined simultaneously. From non-relativistic QED it is impossible to automatically obtain the characteristic of parity-dependent for the spacial wave function.
Aside from the contribution of forbidden states, it can be noticed that the interaction from Method A is attractive, and from Method B is repulsive. The attractive force in Method A deserves more attention, and its order of magnitudes can be evaluated directly from the resultant phase shifts. From the Eq. (7), and approximately assuming that the phase shifts is linear with the transmitted momentum k in a certain region, then dδ
3 , for the situation α = 1, substitute the electron mass M = 5 × 10 5 eV and dδ l /dk ≈ 10 −8 , then we get V ≈ −10 −8 eV. A smaller value of α, e.g., α ≈ 0.001, in low k energy region, can surely induce the attractive force V ≈ −10 −4 eV, which is just the order of magnitudes for the force of Cooper pair in superconductor. The results might be heuristic in the development of the spintronics and high Tc superconductors. If more details are required, the contributions of terms from Method A to the attractive and repulsive forces can easily be examined by numerical way: the attractive mainly comes from the contribution of σ 1 · p 1 σ 2 · p 2 + σ 1 · p 2 σ 2 · p 1 , whereas the repulsive comes from the other terms such as σ 1 · σ 2 , σ 1 · p 1 σ 2 · p 1 and σ 1 · p 2 σ 2 · p 2 . The most contribution from the rest terms such as the purely coulomb term 1 k 2 are cancelled out for the subtraction of two terms in Eq. (1) . The characteristic of phase shifts from the two methods will not change if we further consider the two photons process [18] or radiation corrections. For the two photons processes, the likewise substraction of Eq.(1) of course holds too, so the leading contribution of the processes is surely canceled out. The rest terms will not change the signs of phase shifts listed above merely because these terms multiplied by the square of coupling constant are negligible to the next-leading-order terms of the tree level contribution. So there is no necessity to take into account the two photons processes here. The radiative corrections can be realized by only replacing the masses and charges in scattering amplitudes with the effective ones as verified in Ref. [27] , which will not change the sign of the calculated phase shifts for there is no electron's propagator in the amplitude only which could make phase shifts sensitive to the electron mass correction. Thought in an alternative way, considering the screened effect is equivalent to consider partially the renormalization effect [28] .
In summery, in this paper we extensively examine the properties of the interacting entangled electrons in the full relativistic formulism under two different methods. The parity-dependence of the phase shifts from both methods suggests that if the entanglement of spins is kept stable under the covariant interaction, the selection of the spacial wave function is not arbitrary. And that may be helpful in stimulating some more practical proposals involving covariant interaction of electrons to produce the entangled 1/2-spins. The entanglement might be transferred between spins and momenta while adjusting the forms of spacial wave functions, changing the reference frame might be only one of the manners that adjust the forms, the parity may be another one. And other symmetric operations may also be of the manners. Furthermore, we find that the spin-singlet pair
(|↑↓ − |↓↑ ) and the polarized state
(| +− − | −+ ) correspond to two different types of entanglements, in the former the interaction is attractive and latter is repulsive. Heuristically, the attractive force, which in principle can be tested by experiments in solid or in metal, might be helpful in understanding the mechanism for high temperature superconductor.
I. ACKNOWLEDGMENT
The author would like to express his thanks to Professor G. M. Zeng and Doctor P. Lyu for the helpful discussions. 
III. FIGURE CAPTIONS

